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Abstract 19 
Weather variables, mainly temperature and humidity influence vectors, viruses, 20 
human biology, ecology and consequently the intensity and distribution of the 21 
vector-borne diseases. There is evidence that warmer temperature due to climate 22 
change will influence the dengue transmission. However, long term scenario-based 23 
projections are yet to be developed. Here, we assessed the impact of weather 24 
variability on dengue transmission in a megacity of Dhaka, Bangladesh and projected 25 
the future dengue risk attributable to climate change. Our results show that weather 26 
variables particularly temperature and humidity were positively associated with 27 
dengue transmission. The effects of weather variables were observed at a lag of four 28 
months. We projected that assuming a temperature increase of 3.3oC without any 29 
adaptation measure and changes in socio-economic condition, there will be a 30 
projected increase of 16,030 dengue cases in Dhaka by the end of this century. This 31 
information might be helpful for the public health authorities to prepare for the likely 32 
increase of dengue due to climate change. The modelling framework used in this 33 
study may be applicable to dengue projection in other cities.  34 
 35 
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1. Introduction 39 
According to the Intergovernmental Panel on Climate Change (IPCC), the 40 
global temperature increased significantly over the 20th century (IPCC 2007). Recent 41 
trends in anthropogenic emissions and their modelled impacts of global climate 42 
strongly suggest that both emissions and warming trends will continue to affect the 43 
atmospheric process in the 21st century. It has been predicted that the global mean 44 
temperature will increase by 1.1-6.4 oC by the end of this century (IPCC 2007). 45 
Annual average temperature for the South Asia region has been projected to rise by 46 
3.3oC (range, 2 - 4.4 oC) in 2100, with summer temperature increases of 2.7 oC (IPCC 47 
2007). A growing body of literature suggests that warmer temperatures will enhance 48 
the transmission rate for mosquito-borne disease and will widen its geographical 49 
distributions (Hales et al., 2002; Jetten and Focks 1997; Kan et al., 2012; McMichael 50 
et al., 2006).  51 
 52 
Dengue is one of the most important mosquito-borne disease of humans, and 53 
has emerged as a global public health concern throughout the tropical and subtropical 54 
regions of the world (Gubler 1998). Dengue transmission in these areas typically 55 
follows a seasonal pattern which reflects the influence of weather on the transmission 56 
cycle (Johansson et al., 2009). Dengue is weather sensitive due to its mosquito 57 
vector, which requires standing water to breed and warm ambient temperature for 58 
larval development and virus replication (Banu et al., 2011; Hopp and Foley 2001; 59 
Patz et al., 1998). The incidence of dengue has increased significantly in last 35 years 60 
and various factors including urbanization, globalization and climate change are 61 
thought to be the major contributors (Gubler 2011; Hopp and Foley 2001).  62 
 63 
 64 
Several recent studies have demonstrated an association between weather 65 
variability and dengue (Chen and Hsieh 2012; Hii et al., 2009; Hu et al., 2012; Wu et 66 
al., 2007). Temperature, rainfall and humidity were found to be associated with 67 
dengue transmission (Bangs et al., 2006; Karim et al., 2012; Ram et al., 1998; Wu et 68 
al., 2007). However, the magnitude of the association between weather and dengue 69 
varied with geographical location and socio-environmental conditions (Arcari et al., 70 
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2007; Thammapalo et al., 2007). It is also evident that El Niño events have strongly 71 
associated with dengue epidemics, although spatial heterogeneity exists in this 72 
relation (Cazelles et al., 2005; Hu et al., 2010). Mathematical modelling has recently 73 
been used to measure and predict the impact of weather variation on dengue and 74 
significant advances have been achieved in modelling approaches (Hu et al., 2010; 75 
McMichael et al., 2006). Many studies around the world have developed different 76 
models to predict the future distribution of dengue in response to climate change 77 
(Hales et al., 2002; Hopp and Foley 2003; Patz et al., 1998). Such projections can 78 
help to combat the increased risk of dengue due to climate change by taking 79 
necessary adaptation measures. However, very few studies were conducted to 80 
identify the association between weather variables and dengue transmission in the 81 
South Asian region and long term scenario-based projections are yet to be developed 82 
(Banu et al., 2011; Chakravarti and Kumaria 2005; Karim et al., 2012; Oo et al., 83 
2011). In this study, we examined the effects of weather variability on dengue 84 
transmission and projected the potential impact of climate change on the pattern of 85 
dengue in the megacity of Dhaka. 86 
 87 
2. Material and Methods 88 
2.1 Study area  89 
This study carried out in Dhaka, the capital of Bangladesh. Our previous study 90 
showed that Dhaka is the highest risk area for dengue transmission in Bangladesh 91 
and the underlying cause of increased risk of dengue in this location remains 92 
unknown, which requires further investigation (Banu et al., 2012). Dhaka is located 93 
in central Bangladesh at 23°42′ north latitude and 90°22′ east longitude with an area 94 
of 1,464 square kilometres. Dhaka along with its metropolitan area had a population 95 
of 11.8 million (2011 census), making it the biggest city in Bangladesh. Dhaka has a 96 
hot, wet and humid tropical climate. The city is within the monsoon climate zone, 97 
with an annual average temperature of 25 °C and monthly means varying between 18 98 
°C in January and 29 °C in August. Nearly 80% of the annual average rainfall of 99 
1,854 millimetres occurs between May and September.  100 
  101 
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2.2. Data collection 102 
Data on the monthly number of notified dengue cases in Dhaka city were 103 
obtained from the Directorate General of Health Services (DGHS) from January 104 
2000 to December 2010. As dengue is a notifiable disease in Bangladesh, any case 105 
detected based on the World Health Organization (WHO) clinical criteria must report 106 
to the DGHS by the hospital. According to the WHO clinical criteria, a dengue case 107 
was defined by the presence of acute fever accompanied by any two of the following 108 
clinical symptoms such as headache, myalgia, arthralgia, rash, positive tourniquet 109 
test and leucopenia (WHO 2000). We also obtained monthly weather data on 110 
maximum, mean and minimum temperature, relative humidity and rainfall from 111 
Bangladesh Meteorological Department (Dhaka, Bangladesh) between January 2000 112 
and December 2010. Population data were collected from Bangladesh Bureau of 113 
Statistics (BBS).  114 
 115 
2.3. Data analysis 116 
We used Spearman’s correlation coefficients to summarize the relationships 117 
between independent variables. A Poisson time series model combined with 118 
distributed lag model (DLM) was used to estimate the effects of weather on dengue 119 
transmission. The observed number of dengue cases followed a quasi-Poisson 120 
distribution and the model allows for over dispersion. 121 
 122 
𝑌𝑡 = Poisson(𝜇𝑡), t=1,.........., n 123 
log(𝜇𝑡) = 𝛼 +�𝛽0�𝑇𝑡,𝑙�𝐿
𝑙=1
+�𝛽1�𝐻𝑡,𝑙�𝐿
𝑙=1
+�𝛽2�𝑅𝑡,𝑙�𝐿
𝑙=1
+ log(𝑁𝑡) + 𝑠(𝑡, 𝜆) + Ɛ𝑡 
 124 
Where t is the month of the observation; Yt   is the observed monthly dengue 125 
counts in month t; α is the intercept; Tt,l  ,Ht,l  and Rt,l  are the matrices obtained by 126 
applying the DLM to temperature, humidity and rainfall, respectively; l is the lag 127 
months; L is the maximum lag; β0, β1 and β2 are the coefficients for Tt,l  ,Ht,l  and Rt,l, 128 
respectively,  Nt is an offset to control for population using a linear function of time 129 
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based on the 2001 and 2011 census. The s(t,λ) is the natural cubic spline smoothing 130 
function of time with assigned λ of 2 degrees of freedom per year to control for 131 
seasonal pattern.  132 
 133 
We used a DLM that modelled the main effects as a linear function and the 134 
delayed effects as a polynomial function. The selection of maximum lag was 135 
conducted using model residual checking and we checked maximum lag up to 6 136 
months. We used second order quadratic polynomial smoothing for the lag. The 137 
mean value of each weather variable was used as a baseline (referring value) to 138 
measure the relative risks. We plotted relative risks against weather variables and 139 
lags to show the entire relationship between weather conditions and dengue. 140 
 141 
The climate and dengue relationship were examined using different 142 
temperature measures (maximum, mean and minimum temperature) in the DLM. 143 
The deviance was used to choose the best model. Model including maximum 144 
temperature was associated with lower deviance value (Supplementary Table 2). We 145 
also compared the deviance for the association between each weather variables and 146 
dengue using DLM. The deviance was also lower compare to other models when 147 
maximum temperature and relative humidity were included (Supplementary Table 148 
3). The goodness-of-fit was performed to check the model adequacy using auto-149 
correlation functions of residuals and normality of the residuals. Figure 1 shows that 150 
there was no significant auto-correlation between residuals at different lags in the 151 
DLM when maximum temperature and humidity were used as predictor variables. 152 
The scatter plot shows that the residuals in the model fluctuated randomly around 153 
zero with no obvious trend. Thus the goodness-of-fit analyses show that the model 154 
fits the data reasonably well. Therefore, we selected the model including maximum 155 
temperature and relative humidity as the best model and used it to estimate the 156 
effects of weather variation on dengue transmission.  157 
  158 
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The constructed model was then validated by dividing the data file into two 159 
data sets. The data between January 2000 and December 2008 were used to develop 160 
a DLM and those between January 2009 and December 2010 were used to validate 161 
the model. The validation indicates that the model had reasonable accuracy as the 162 
observed and predicted values were mostly coincided (Supplementary Figure 1). In 163 
addition, adequacy of the model predicting outbreak (≥ 168) was evaluated by 164 
sensitivity analyses. For sensitivity analyses, the monthly number of dengue cases 165 
was transformed into a categorical variable (i.e., outbreak/non-outbreak). Then the 166 
sensitivity or true positivity rate (predicted number of months with dengue 167 
outbreak/observed number of months with dengue outbreak) and specificity or true 168 
negativity rate (predicted number of months without dengue outbreak/observed 169 
number of months without dengue outbreak) of the predictive model were calculated. 170 
 171 
The results of the validated model were then applied to future climate change 172 
situations to generate projections for dengue risk in the 2100. We used IPCC regional 173 
climate change projection for South Asia, which results in an increase of 3.3 oC in 174 
annual mean temperature between 1980 to 1999 and 2080 to 2099 (IPCC 2007). We 175 
assumed that warming will be similar to south Asia in Dhaka. We estimated the 176 
future monthly temperature in Dhaka by combining recorded baseline data with 177 
projection. We added 1, 2 and 3.3 oC to the observed monthly temperature in 2010 to 178 
simulate monthly temperatures in 2100. We assumed that there will be no adaptation 179 
to climate change in Dhaka. We calculated the projected temperature related dengue 180 
risk in 2100 after adjusting for the 1.3% increase in population, which is the current 181 
population growth rate in Dhaka (population census 2011).  182 
 183 
All statistical tests were two-sided and the p <0.01 were considered statistically 184 
significant. We used R software (version 2.12.0; R development Core Team 2009) to 185 
fit all models, with its “dlnm” package to create the DLM (Gasparrini and Armstrong 186 
2011). 187 
  188 
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3. Results 189 
There were 25,059 dengue cases in Dhaka during the study period. The average 190 
monthly number of dengue cases was 168 with an incidence rate of 1.8 per 100,000 191 
populations. The highest monthly incidence rate was 35.2 per 100,000 populations in 192 
August 2002. Descriptive statistics for each independent and dependent variable are 193 
shown in Table 1. The monthly mean minimum and maximum temperature, rainfall 194 
and relative humidity were 21.9oC, 30.7oC, 180.2 mm and 72.77%, respectively, 195 
between 2000 and 2010 in Dhaka.  196 
 197 
The three dimensional plots show the entire relationship between mean 198 
maximum temperature and relative humidity with dengue incidence at different lags 199 
(Figure 2). The estimated effects of weather variables on dengue incidence were 200 
linear in current months and were nonlinear along lags. Temperature and humidity 201 
were positively associated with dengue incidence and the highest effects observed at 202 
two months lag. The sensitivity analyses indicate that the overall model agreement 203 
was 89%, sensitivity was 84% and specificity was 91% (Table 2).  204 
 205 
Table 3 reveals the estimated dengue cases associated with the variation in 206 
temperature due to climate change by the year 2100. We estimated 377 dengue cases 207 
attributable to temperature variation in 2010. Assuming a 1oC temperature increase 208 
in 2100, we projected an increase of 583 dengue cases. For a 2 oC increase, we 209 
projected an increase of 2,782 dengue cases. If temperature increase by 3.3 o C as the 210 
IPCC projected, the consequence will be devastating, with a projected increase of 211 
16,030 cases by the end of this century. 212 
  213 
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4. Discussion 214 
Our results show that the monthly temperature and humidity were significantly 215 
associated with the monthly dengue incidence in Dhaka, with highest lag effects of 216 
two months. These results are consistent with findings of other studies and may assist 217 
to forecast dengue outbreaks in different regions (Descloux et al., 2012; Hii et al., 218 
2009; Hsieh and Chen 2009; Johansson et al., 2009). Temperature and humidity are 219 
the most important weather factors in the growth and dispersion of mosquito vector 220 
and potential predictors of dengue outbreaks (Chen et al., 2010; Wu et al., 2007). 221 
Temperature influences the life cycle of Aedes mosquitoes including growth rate and 222 
larval survival and the length of reproductive cycle (Hopp and Foley 2001; Patz et 223 
al., 2005). Maximum mosquito survival rate of 88-93% were observed between 224 
temperature ranges of 20-30 oC (Tun-Lin et al., 2000). Temperature also affects the 225 
virus replication, maturation and period of infectivity. Higher temperature decreases 226 
the length of viral incubation within the vector, and thus increases the chance of 227 
mosquitoes to become infective in their life span (Hopp and Foley 2001; Patz et al., 228 
1998; Yang et al., 2009). Adult mosquito survival also depends on humidity (Hopp 229 
and Foley 2001; Patz et al., 1998). Given the relationship between temperature and 230 
dengue, the projected change in temperature due to climate change may exacerbate 231 
disease transmission in Dhaka. According to the IPCC, the annual mean temperature 232 
increase will be 3.3 oC by the end of the 21st century in Dhaka. The projected 233 
warming will occur both in summer and winter (IPCC 2007). As summer will be 234 
warmer than before, it is likely that warmer condition will enhance disease 235 
transmission and will increase dengue incidence. In previous years, there were few 236 
reported dengue cases in Dhaka during winter season. If the winter temperature 237 
increases as projected, it may become more favourable for dengue transmission and 238 
extend the outbreak season. Hence dengue outbreak may become more intense in 239 
future, if the climate change happens.  240 
  241 
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There has been a significant emergence of dengue in Dhaka during the last 242 
decade; the reasons for this can be multiple. Both climatic and non-climatic factors 243 
like socio-ecological changes, viral serotypes, herd immunity and mosquito control 244 
can influence the risk of dengue transmission (Gubler 2011). Rapid urbanization 245 
around Dhaka city can deteriorate the environmental condition and increase the 246 
dengue incidence through enhancing the mosquito breeding habitats. Increased air 247 
travel can facilitate the introduction of new dengue serotypes from neighbouring 248 
endemic countries and can make this region hyper endemic (presence of all four 249 
dengue virus serotypes), which will obviously increase the likelihood of dengue 250 
epidemic (Karim et al., 2012; Tatem et al., 2006). Additionally, effective vector 251 
control can reduce the vector density and can decrease the dengue transmission.  252 
 253 
Temperature and humidity affect the dengue occurrence in several subsequent 254 
months. We found that monthly maximum temperature and relative humidity were 255 
associated with dengue transmission through a 4-months lag period (highest effects 256 
in two months) which includes the time of replication and development of mosquito 257 
and the incubation period of the virus (time of replication both in vector and host). 258 
Therefore, observed lag effects were biologically plausible and consistent with the 259 
findings of other studies (Arcari et al., 2007; Hii et al., 2012; Wu et al., 2007). A 260 
previous study in Dhaka reported the positive association between maximum 261 
temperature, relative humidity and dengue which is consistent with our findings 262 
(Karim et al., 2012). They also observed the highest lag effects at two months which 263 
is similar to our observation. An accurate early warning system to predict dengue 264 
epidemics and enhance the effectiveness of preventive measures largely relies on the 265 
sufficient lag time. Thus, four months lag time could be sufficient to warn people 266 
about the possible disease outbreak and take necessary measures to prevent the 267 
epidemic. 268 
  269 
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Different emissions scenarios were developed by IPCC which have been 270 
widely used in the analysis of possible climate change impacts and options to 271 
mitigate climate change. Each emission scenario represents different demographic, 272 
social, economic, technological and environmental developments which are driving 273 
forces of greenhouse gas emissions. “The A1 scenario family describes a future 274 
world of rapid economic growth, global population that peaks at mid-century and 275 
declines thereafter, and the rapid introduction of new and more efficient 276 
technologies”(IPCC 2000). The A1B emissions scenarios is one of the A1 group 277 
scenarios which assumes the balanced use of energy system like fossil fuel and non- 278 
fossil energy system. The B2 scenario families focus on local and regional 279 
environmental protection and social equity where global population will increase 280 
continuously with comparatively lower rate with intermediate level of economic 281 
development and less rapid and more diverse technological developments than A1 or 282 
B1. Climate change projections for all continents and sub continental regions of the 283 
world were provided by IPCC (IPCC 2007). These projections were generated using 284 
multi model dataset (MMD) and three emission scenarios B1, A1B and A2. 285 
However, the results of most projections were presented and discussed by IPCC on 286 
the basis of A1B scenario as the global mean surface temperature responses in the 287 
ensemble mean of the MMD model follows a ratio of 0.69:1:1.7 for B1: A1B:A2 288 
scenarios. The local temperature responses for almost all regions also follow the 289 
same ratio. Similar to the IPCC regional climate projections, we used the MMD-A1B 290 
projection scenario to predict and discuss the future temperature related dengue risk 291 
in Dhaka. 292 
 293 
To the best of our knowledge, this is the first study to project the impact of 294 
climate change on dengue transmission in Dhaka. We showed that dengue incidence 295 
will increase by more than 40 times in Dhaka in the year 2100 relative to 2010, if the 296 
ambient temperatures increase by 3.3 oC according to the IPCC regional climate 297 
projection. It will have devastating consequences for the already stretched public 298 
health systems in Dhaka due to the population ageing and increased burden of 299 
disease (including chronic disease, infectious disease and injury). Human adaptation 300 
to climate change may influence the likelihood of dengue transmission. People may 301 
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adapt to higher temperatures through improved building design with glazed 302 
windows, piped water, insect screening and air-conditioning. These facilities may 303 
effectively reduce their contacts with vector mosquitoes and even if infected 304 
mosquitoes gain entry to these buildings, the low ambient temperature and artificially 305 
dry environment may decrease their survival rate and reduce the risk of disease 306 
transmission (Reiter 2001). On the other hand, water storing for domestic purposes in 307 
summer months or during droughts may provide increase number of breeding sites 308 
for mosquitoes and increase the risk of dengue transmission (Beebe et al., 2009). 309 
However, there is no information available on how people will adapt to climate 310 
change in Dhaka. Therefore, in our study, we assumed that there will be little 311 
adaptation to climate change in the study site.  312 
 313 
The weaknesses of this study must be acknowledged. This is a large scale, 314 
ecologic assessment of the relationship between climate and the dengue transmission 315 
at a city level. For a comprehensive and systematic risk assessment, more detailed 316 
risk assessment at a community and individual level is required. Inclusion of other 317 
factors such as mosquito density, population immunity, viral factors and human 318 
behaviours may improve the model. Due to the lack of seroprevalance and 319 
entomological data, these variables could not be included into our model. Therefore, 320 
our model prediction underestimated some of the observed number of cases and the 321 
biggest outbreak. Adaptation to climate change and changes in socio-economic 322 
trends might influence the likelihood of disease occurrence. However, we have not 323 
accounted for all possible socio-economic features and climate adaptation behaviour. 324 
Underreporting bias is inevitable in the surveillance data to some extent as people 325 
infected with subclinical dengue infection did not seek for medical advice. This 326 
model is only applicable to Dhaka and areas with a similar socio-ecologic 327 
background as local data were used in the construction of this model.  328 
  329 
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 330 
5. Conclusions 331 
This study shows that maximum temperature and relative humidity were best 332 
predictors among the major determinants of dengue transmission in Dhaka for the 333 
period of 2000-2010. Projected climate change will increase mosquito activity and 334 
dengue transmission in this area. Assuming a temperature increase of 3.3 oC by 2100 335 
as projected by IPCC, there would be a substantial increase in dengue incidence in 336 
Dhaka. Therefore, public health authorities need to be well prepared for likely 337 
increases of dengue transmission in this region.  338 
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 464 
Figure Legends 465 
Figure 1: Auto-correlation function, partial auto-correlation function and scatter plot 466 
of residuals for DLM model. 467 
 468 
Figure 2: Association between climatic variables (maximum temperature and 469 
relative humidity) and dengue at different lags. 470 
  471 
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Table 1: Descriptive statistics of monthly weather conditions and dengue cases in Dhaka, Bangladesh, 2000-2010. 472 
473 
Variables Number of months Minimum Maximum Mean Standard Deviation 
Dengue cases 132 0 3155 168 394 
Minimum Temperature (oC) 132 11.7 26.8 21.9 4.3 
Mean Temperature (oC) 132 16.7 30.7 26.3 3.5 
Maximum Temperature (oC) 132 21.7 35.5 30.7 2.9 
Rainfall (mm) 132 0 839 180.2 195.1 
Relative Humidity (%) 132 53 85 72.8 8 
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Table 2: Sensitivity and specificity of DLM for dengue occurrence 474 
 475 
Predicted 
Observed 
Total 
Outbreak Non-outbreak 
Outbreak 27 9 36 
Non-outbreak 5 91 96 
Total 32 100 132 
Sensitivity, 27/32 = 84%; Specificity, 91/100 = 91%; Crude agreement or accuracy, (27+91)/132 = 89%. 476 
 477 
 478 
 479 
 480 
 481 
 482 
 483 
 484 
 485 
 486 
 487 
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Table 3: Changes in annual dengue cases under different scenarios of temperature increase by 2100 in Dhaka, Bangladesh. 489 
 490 
Climate change scenarios Projected annual number of dengue 
cases 
 
Changes in annual number of 
dengue cases 
 
Baseline 377   
10C increase 960 583 
2 0C increase 3,159 2,782 
3.3 0C increase 16,407 16,030 
